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integrate essential signaling events in the limb mesoderm that
link limb patterning and outgrowth along all three axes.
doi:10.1016/j.ydbio.2007.03.238
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Establishment of the anterior–posterior (A/P) limb bud axis is
essential for specification of digit numbers and identity. Sonic
Hedgehog (Shh) is a key signal expressed by the posterior limb
bud organizer that controls distal limb development, in particular
digit formation. Little is known about the mechanism position-
ing the limb organizer. We previously proposed that two
transcriptional regulators, GLI3 and HAND2 are part of a
prepatterning mechanism polarizing the early limb bud prior to
Shh. Restriction of HAND2 transcription to the posterior me-
senchyme seems crucial to limit the establishment of the limb
bud organizer, but the early lethality of HAND2 deficient mouse
embryos precluded genetic analysis. Therefore, we generated a
conditional Hand2 null allele by gene targeting in the mouse.
Phenotypic and cell biochemical analysis shows that Hand2
directly controls the transcriptional activation of Shh in the
posterior limb bud and is essential to polarize the early limb bud.
Following SHH activation, A/P identities seem to be specified
by a kinetic memory set in response to autocrine and paracrine
SHH signaling. By combining mouse genetics with experi-
mental manipulation of signaling, the cellular response to SHH
was analyzed in the digit-forming area. Although most
mesenchymal cells respond rapidly to SHH signaling, the
transcriptional upregulation of SHH target signals occurs with
differential temporal kinetics and in a spatially restricted fashion.
Our analysis reveals the regulatory circuits that prepattern the
early limb bud, initiate morphogen signaling and regulate the
kinetics of gene expression as limb bud development progresses.
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During early limb development, the apical ectodermal ridge
(AER) expresses a number of signaling proteins including bone
morphogenetic proteins (BMPs) 2, 4 and 7. BMPs in the limb
are expressed in both the mesoderm and the ectoderm and have
been proposed to play a role in anterior–posterior digit patter-
ning. To date, it has not been possible to directly examine the
role BMPs play in limb development since mice deficient in
BMP2 or BMP4 die before digit condensation occurs. Previous
studies have circumvented this problem by conditionally re-
moving a BMP receptor (BMPR-IA) in the limb mesoderm or
expressing a BMP antagonist (noggin) in the limb AER.
Because each of the previous studies blocked all BMP sig-
naling, the functions of each individual BMP remains unknown.
Our studies take advantage of an Msx2-cre ectoderm-specific
transgene to delete BMPs in the limb AER. We have shown that
removal of ectodermal BMP4 typically causes formation of a
posterior nubbin. Double knockout of BMP2 and BMP4 in the
ectoderm results in limb polydactyly and syndactyly. Using
RNA in situ hybridization we showed that the expression do-
mains of Fgf8 and Fgf4 in the AER were expanded spatially
and temporally in double mutants. There was also decreased cell
death in the interdigital tissue, resulting in webbing between the
digits. Further RNA in situ analysis shows that the expression
domains of Hoxd11 and Hoxd13 were extended anteriorly in
the limb mesenchyme. These results demonstrate that ectoder-
mal BMPs are partially functionally redundant in the limb ec-
toderm and play an important role in cell death and antero-
posterior patterning of the developing limb.
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Bone morphogenetic proteins (BMPs) regulate many func-
tions during limb development such as the growth and size of
the apical ectodermal ridge (AER), chondrogenesis, mesench-
ymal cell proliferation and regulation of the apoptosis in the
interdigital tissue. BMPs bind to BMP transmembrane serine/
threonine kinase, receptors I and II. The type I receptor activates
R-Smads proteins that regulate many target genes. The aim of
this work was to evaluate the gene expression pattern of the
BMP type I receptor alk2, R-Smads involved in the BMP
signaling (smad1, smad5 and smad8) and the inhibitory Smad,
Smad6 during embryonic chick leg bud. We showed that alk2,
smad1, smad5 and smad6 are all expressed in the AER from
E21 to E28 suggesting a role in the AER regression. Also,
smad1 is restricted to distal mesenchyme and smad6 is observed
in all mesenchyme at E24–E26. On the other hand, in the early
limb bud stages (E21) smad5 is expressed at the posterior
region while smad8 is expressed at the anterior region of the
limb bud. In addition, at later stages smad1, smad5, smad8 and
Alk2 are expressed in the interdigital tissue. In contrast, Smad6
is expressed at finger tips at same developmental stages. These
results correlate with the known BMP functions in the control of
mesenchyme cell proliferation and in the control of cell death in
the anterior and posterior necrotic zones as well as in the inter-
digital tissue. Finally, smad1 and smad5 are located in
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